Lesion and neuroimaging studies indicate that the insula mediates motor aspects of speech production, specifically, articulatory control. Although it has direct connections to Broca's area, the canonical speech production region, the insula is also broadly connected with other speech and language centres, and may play a role in coordinating higher-order cognitive aspects of speech and language production. The extent of the insula's involvement in speech and language processing was assessed using the Activation Likelihood Estimate (ALE) method. Meta-analyses of 42 fMRI studies with healthy adults were performed, comparing insula activation during performance of language (expressive and receptive) and speech (production and perception) tasks. Both tasks activated bilateral anterior insulae. However, speech perception tasks preferentially activated the left dorsal mid-insula, whereas expressive language tasks activated left ventral mid-insula. Results suggest distinct regions of the mid-insula play different roles in speech and language processing.
Introduction
Speech and language production is a complex cognitive, motor and sensory process mediated by a host of interconnected cortical and subcortical regions including the left inferior frontal gyrus (IFG; BA 44/45), primary motor cortex (BA 4), premotor cortex (BA 6), superior temporal gyrus (BA22) and basal ganglia (Guenther, 2006) . The classic neuropsychological models point to the left inferior frontal gyrus, or Broca's area, as the hub of speech and language production (Broca, 1861; Geschwind-Wernicke, 1979) . However, based on lesion studies with patients with articulation difficulties, the insula has also been put forth as a brain region involved in the motor control of speech production (Cereda et al. 2002; Dronkers 1996; Duffau et al. 2001 ; Starkstein et al. 1988 ).
The insula shares reciprocal functional and structural connections with linguistic, motor, limbic and sensory brain areas (Augustine, 1996) . Based on these findings, there has been speculation that the insula is involved in certain aspects of speech and language (Augustine, 1985) . Additionally, the insula is involved in other perceptual-motor functions such as feeding behaviours, interoception (i.e., internal monitoring of bodily states), and also autonomic processes (e.g., respiratory control). The coordination and control of these functions are essential for the smooth, coordinated production of speech (Craig 2002 (Craig , 2003 .
The role of the insula in speech production arose from studies in patients who suffered from an apraxia of speech, usually as a consequence of stroke (Dronkers, 1996; Nagao et al., 1999; Ogar et al., 2006) . Patients with articulatory dysfunction in the absence of a muscular problem (i.e., dysarthria), had lesions in the left superior tip of the precentral gyrus of the insula (Dronkers, 1996) . Other studies with patients with progressive apraxia (Nestor el al., 2003) , reduced fluency (Bates et al., 2003; Borovsky et al., 2007) , or impairments with rapidly changing articulatory movements (Baldo et al., 2011) were also reported to have left anterior insular damage. Neuroimaging studies with healthy studies also suggested that the left precentral gyrus of the insula is involved in articulatory coordination (Murphy et al., 1997) . Results indicate that the region may be preferentially involved in speech motor control, and may not be essential for language processing.
Contrary to these data is evidence from experimental neuroimaging studies with healthy adults indicating that the insula may be a core region for both speech and language processing. For example, Eickhoff and colleagues (Eickhoff, Heim, et al., 2009 ) performed meta-analyses of fMRI and PET studies of expressive language tasks and demonstrated a core network of activation in BA 44, anterior insula, caudate nucleus, cerebellum, pre-and primary motor cortices. In this same paper, the authors examined the effective connectivity between these areas during speech production and concluded that the insular cortex may function as a relay between the cognitive aspects of language analyzed in BA 44 and the motor preparation for vocalization in basal ganglia and cerebellum. This finding was later supported by activation likelihood estimate (ALE) meta-analyses of neuroimaging studies examining normal speech production and the comprehension of distorted speech (Adank, 2012) . Left anterior insula was associated with speech production; however, bilateral anterior insulae activations were associated with distorted speech comprehension suggesting increased insular recruitment during difficult speech-language processing.
Based on these previous findings and the known anatomical connectivity of the insula, it is possible that the insula also mediates higher-order cognitive functions involved in speech and language processing. However, no single study has assessed whether the insula is primarily involved in speech motor control, or if it plays a supportive role in both speech and language processing. If the insula functions as a hub, connecting speech and language areas, it should be activated by both types of tasks; whereas, if the insula is solely involved in speech articulation, it should also be seen in cases of overt language production, but not with other types of language processing where articulation is controlled.
We tested this hypothesis using a meta-analysis of fMRI studies that reported insular activation during language (expressive and receptive) and speech (production and perception) tasks. We distinguished language and speech based on whole-word content. If whole words, or sequences of whole words were involved, this was classified in the 'language' category; however, if parts of words (e.g., syllables, syllable sequences or phonemes) were involved, this was classified in the 'speech' category. We implemented the ALE method (Eickhoff, Laird et al., 2009; Turkeltaub et al., 2002) to generate threedimensional probability maps that described the spatial extent and localization of activation in the insula associated with language and speech processing.
Methods

Article Selection and Literature Search
Studies reporting language or speech-evoked activation in the insula were obtained from an initial broad search of the literature using the Web of Science (http:// www.isiknowledge.com) from January 1990 to September 2012. To identify all potential studies reporting insula activation in language and speech processing as measured by fMRI, the keywords used were: functional magnetic resonance imaging, insula, language and speech. A total of 59 studies were found.
Articles were screened for specific inclusion and exclusion criteria to be analyzed using the ALE method. Inclusion criteria consisted of studies that: (1) were written in English; (2) were performed as fMRI experiments; (3) reported stereotactic coordinates; (4) used healthy adult human participants; (5) used high-quality stimuli (i.e., non-degraded); and, (6) applied a general linear model for analysis. Exclusion criteria were: (1) data from patients, case studies, or special populations, (2) functional connectivity (not localization) analyses, (3) pharmacological interventions, (4) deactivation coordinates, and (5) review articles or metaanalyses. As a result, 17 articles were excluded (tested clinical populations: 7; used reading paradigms: 3; assessed emotional tones of word stimuli: 2; assessed pitch processing: 2; completed laterality analysis: 1; presented speeded speech stimuli: 1; assessed working memory 1).
A total of 42 studies met our criteria and were included in the meta-analysis. For each article, the following information was recorded: author names, academic journal title, year of publication, number of participants, mean age of participants, gender of participants, handedness of participants, strength of MRI scanner in Tesla (T), task description, stimulus type, language of stimulation, and contrast(s) of interest.
The studies were further categorized into language and speech tasks. Studies that involved covert or overt linguistic processing (e.g., whole words, syntax, word morphology, pragmatics) were categorized as language studies; this resulted in a total of 28 articles (Table  1) . These studies were divided into 'receptive' and 'expressive' language categories. The 'receptive' category included studies of language reception and comprehension, such as listening to words and making a semantic judgment. The 'expressive' category included studies of covert and overt language production. For example, this category would include studies asking participants to produce as many words possible beginning with a visually presented letter.
Fourteen studies used phonetic, syllabic, or non-word stimuli and were categorized as speech studies (Table 1) . The studies were then divided into speech 'perception' and 'production' categories. The 'perception' category included studies that presented simple and complex speech stimuli. For example, this would include studies asking participants to passively listen to nonsense syllables, or studies requiring subjects to classify phonemes or speech sounds. The 'production' category included articles where subjects produced a speech sound or sounds. This would include studies involving the pronunciation of syllable sequences; however, full words were not produced.
Meta-analytic method
Activation foci reported for each study were entered into four separate meta-analyses (receptive language, expressive language, speech perception, and speech production). To account for spatial disparities between MNI and Talairach brain templates used across studies, coordinates reported in MNI space were converted to Talairach space using the Lancaster transform, icbm2tal, within the GingerALE software package (Laird et al., 2007; Lancaster et al., 2007; Talairach & Tournoux, 1988) . All further analyses were conducted in Talairach space, and figures are presented in TAL space.
The ALE method (Eickhoff, Laird, et al., 2009; Turkeltaub et al., 2002) was used to create probabilistic maps that describe the spatial location and extent of activation in response to each of the four categories of interest. Reported foci were treated as the centre of probability distributions within a standard image space (GingerALE v 2.1.1 -http://brainmap.org/ale/). Data were smoothed using a Gaussian blurring kernel. The size of each kernel's full-width at half maximum (FWHM) was calculated based on the number of participants in each individual study. For each voxel in the brain, the probability of activation for all reported foci was computed, resulting in an ALE value. A permutation test was then utilized to distinguish real convergence across studies from random convergence or "noise". This process compared each study's ALE values to a null-distribution of randomly generated ALE values. The creation of the ALE null-distribution values involved the sampling of a random voxel from each study 2 ×10 10 times. Data were corrected for multiple comparisons using the false discovery rate (FDR) with q=0.001 . The resultant ALE maps contain voxels that have a significant probability of activation. To view these results, the ALE maps were overlaid on a template MRI (Colin1 in Talairach space) using the program mricron (http://www.mccauslandcenter.sc.edu/mricro/mricron/). Anatomical areas within the insular cortex were categorized according to Craig (2009) .
Results
Demographic Information
The 44 studies of speech and language tasks included 639 participants (58.5% male). The median age across studies was computed from the reported mean age in each study, and was 28.5 yrs (SD=3.2). The majority (88.9%) of the studies assessed handedness. Most studies tested right-handed individuals with only a few including left-handed or ambidextrous individuals. Details of the studies included in the meta-analyses are listed in Table 1 .
Receptive language stimuli
A total of 64 foci were extracted from 14 studies reporting activation in the insula associated with receptive language tasks. Activations occurred in the accessory gyrus of the anterior insula, bilaterally. A portion of the left-sided cluster was observed in the region of the dorsal dysgranular zone of the anterior short insular gyrus as seen in the bottom left corner of Figure 1 (Table 2) .
Expressive language stimuli
Expressive language functions were associated with 41 foci from 14 studies. These stimuli were most likely to activate the left accessory gyrus in the territory of the dorsal dysgranular zone. Activation was observed in the region of the left anterior short insular gyrus that extended into the ventral mid-insula ( Figure 1 ; Table 2 ). A small non-significant peak was located in the right anterior insula.
Speech perception stimuli
Speech perception stimuli were associated with 18 foci from 6 studies. In response to these stimuli, left-sided activations occurred in the region of the granular zone of the dorsal middle short insular gyrus. Right-sided activations were more likely to occur in a slightly more anterior region, that is, in the ventral granular zone of the anterior short insular gyrus ( Figure  2 ; Table 2 ).
Speech production stimuli
The ALE maps for speech production were created from 38 foci from 8 studies. Activations were localized predominately on the left side, in the accessory gyrus and anterior short insular gyrus. A small right-sided cluster of activation was observed in the region of the dorsal dysgranular accessory gyrus (Figure 2 ; Table 2 ).
Discussion
Using an ALE-based meta-analysis of existing functional neuroimaging data, we provide information on the spatial location and extent of activation in the insula during various speech and language tasks. Our results are striking in that it is evident that receptive language, expressive language and speech production activate very similar regions of the anterior insula while activation in response to the perception of speech was processed separately in the left dorsal mid insula. As well, expressive language further showed activations in the left ventral mid-insula. Moreover, all tasks activated bilateral regions in the insula; the language tasks were more equally bilaterally represented while the speech tasks tended to show more left-hemisphere dominance.
Receptive and Expressive Language
For the language tasks, activations were similar for both receptive and expressive language stimuli. These tasks were most likely to activate bilateral anterior regions of the insula, specifically, the accessory insular gyrus; and in the left hemisphere, the spatial extent of the likelihood of activation spread to the anterior short insular gyrus. The only distinction between the receptive and expressive language tasks was a discrete ALE peak of activation in left mid-insula for the expressive language task.
Activation of the left anterior insula with these language tasks was not surprising as this area is known to have a direct anatomical connection to inferior frontal and lateral frontal regions (Kalab et al., 2012) . Further, the left anterior insula has extensive and reciprocal functional connections with frontal areas involved in language processing, such as the prefrontal cortex and frontal operculum (Augustine, 1996) . Specifically, IFG activation has been associated with semantic retrieval, lexical decisions, and the generation of semantic categories. Finally, neuroimaging studies have implicated the IFG in syntactic processing (e.g., Friederici et al., 2006; Kaan and Swaab, 2002; Roder et al., 2002) . These classic areas are known to be involved in language processing; and, the IFG has been long associated with the semantic, phonological and syntactic aspects of language (e.g., Bedny et al., 2008; Kemeny et al., 2005; Rodd et al., 2010) . Studies reported that the frontal operculum is involved in sentence comprehension Friederici et al., 2006) and syntactic speech (Friederici et al., 2000) . This activation was observed predominantly in the left hemisphere and emphasizes that the left frontal cortex is associated with the processing of syntactic information.
Of note, while the classic Broca-Wernicke model of language separates expressive and receptive language into frontal and temporal foci, respectively, there is now substantial empirical evidence that the language system is much more complex. In a meta-analysis of 485 neuroimaging studies, Liakasis, Nicket, and Seitz (2011) showed that the IFG (canonical Broca's area) is involved in both the perceptive and productive aspects of language. In fact, studies have found that bilateral insular damage may produce total auditory agnosia (Bamiou et al., 2003) . A functional imaging study showed that the insula was involved in several key processes such as auditory attention allocation, auditory tuning to novel stimuli, temporal processing, phonological processing, and auditory-visual integration (Bamiou et al., 2003) . Thus, it is possible that the anterior insulae serves as an integration hub for auditory stimuli and plays a role in auditory processing as well (Bamiou et al., 2003) .
Another interesting finding is that the right anterior insula was activated by both language tasks. While language is considered to be left-hemisphere dominant, substantial evidence indicates that the right hemisphere is also important for language processing. Therefore, activity in the right anterior insula could be heightened during language tasks due to the existence of functional connections with frontal right-hemisphere regions that support language functioning. These were the conclusions of a PET study, which found bilateral activation in anterior insulae elicited by sentence stimuli (Wong et al., 2002) . Right hemisphere frontal areas offer resources to maintain language function and this points to the high likelihood of a pre-existing language network in the right hemisphere that can be recruited when needed (Perani et al, 2003; Voets et al., 2006; Winhuisen et al., 2005) . For example, a number of reports indicate that language dominance shifts to homologous righthemisphere regions following a disabling left hemisphere brain injury (Lazar et al., 2000; Staudt et al., 2002; Tivarus et al., 2012) . However, the role of the right insula in language processing requires further study to determine its specificity of function as the activation could be related to other cognitive processes subserving irrelevant task features.
Although syntactic and semantic processes are supported primarily by the left-hemisphere, the processing of prosody is primarily a function of the right-hemisphere (Gandour et al., 2004; Pell et al., 2006; Friederici et al., 2002) . More specifically, frontal brain regions in the right hemisphere play a role in the comprehension and production of affective prosody. George et al. (1996) used PET to examine the brain regions involved in understanding emotional prosody versus content-based emotion. An increase in activity in the right prefrontal cortex was observed during the detection of emotional prosody of verbal sentences. On the other hand, left prefrontal activation was observed when participants were asked to concentrate on the content of sentences instead of the prosody. More recently, an fMRI study investigating neural responses to sentences varying in pitch information (normal intonation versus synthesized flattened speech) and syntactic information (normal speech versus synthesized, de-lexicalized speech) found right fronto-lateral activation in response to prosodic cues. The right-superior temporal region and fronto-opercular cortex were identified as being more involved in processing prosodic information (Meyer et al., 2003) . These findings suggest that the right hemisphere frontal lobe support prosodic comprehension. Finally, in an experiment by Pell (1999) , subjects with right hemisphere brain damage were found to employ fewer prosodic cues than healthy controls in a sentence elicitation task, resulting in a reduction of emotional inflection as perceived by the listeners. While we did not specifically assess prosody within the current study, potentially some tasks included in the meta-analyses used prosodic stimuli that evoked activity in the right hemisphere. The results of our meta-analysis provide support for the hypothesis that righthemisphere areas, in particular the anterior insula, mediate the production and perception of prosodic elements of language. Future work in this area should examine activation in the insula in response to tasks with and without prosodic linguistic stimuli to clarify its contribution to these processes.
The left ventral mid-insula showed preferential activation in response to language production tasks. The role of the ventral mid-insula in language processing remains unclear although this region looks similar to the insular region implicated in patients with apraxia of speech (Dronkers, 1996; Nestor et al., 2003) . These regions need to be directly compared for confirmation. The right mid-insula has been implicated in viscerosensory processing, that is, processing regarding the state of one's own body (Menon and Uddin, 2010) , particularly linking representations of the outside world with the body's internal state (Farb et al., in press) . Therefore the left mid-insula may serve the function of monitoring the body's internal state, but focuses particularly on language impact and relations. This is purely speculative, however, and requires empirical testing.
Speech perception and production
For the speech tasks, our meta-analysis revealed some distinct differences. While both speech perception and production involved strong left-hemisphere anterior insula activation, the ALE clusters were in separate anatomical locations. Speech production activated bilateral accessory gyri of the insula and the left anterior short gyrus of the insula. Speech perception activated only the short gyrus of the insula, in the superior middle portion in the left hemisphere, and the anterior portion in the right hemisphere. Although both speech perception and production activated both left and right insula, speech production was more left dominant, and speech perception is more equally bilateral.
The activation in the anterior short insula in response to both speech and language tasks provides important information on the function of this region in linguistic processing. While previous evidence from clinical and neuroimaging studies would support the role of the anterior insula in solely motor speech production (see Ackermann and Riecker, 2010 , for a review) our findings would indicate that this region serves a broader function beyond motor speech control, and is in fact a crucial region that mediates language function.
Finally, our results showed bilateral anterior insula involvement in speech perception, in locations distinct from those that have been involved in the language and speech production tasks. This finding was expected, as the perception of speech relies on slightly different cognitive and sensory processes than those implicated in language perception. However, in future studies, meta-analytic methods could be used to compare speech perception with tone and melody perception to ascertain whether they share common brain regions.
Activation in the insula in response to speech perception is likely due to this region's extensive connections with the auditory cortex, temporal pole, and superior temporal sulcus (Augustine, 1996) . A number of neuroimaging studies have indicated the involvement of the insula in auditory processing (for a review, see Bamiou et al., 2003) . A more recent clinical report has suggested that the insula may be involved in temporal processing, as insular damage was correlated with temporal resolution and sequencing impairments (Bamiou et al., 2006) . Neuroimaging studies in control populations, using different stimuli and paradigms showed that increased task difficulty on a temporal discrimination task (Tregellas et al., 2006) and increased frequency of click trains in a passive-listening task (Ackermann et al., 2001; Steinbrick, 2009) were associated with robust activation in bilateral anterior insula. Potentially, our finding of bilateral anterior insula activation in response to speech stimuli raises the possibility of insular recruitment in the encoding and processing of temporal information within the auditory system.
Summary and future research
Meta-analysis is a robust tool that permits the determination of contiguous brain regions showing reliable activation in response to particular tasks or cognitive functions. This technique summarizes findings across studies and can reduce the impact of confounds inherent in single fMRI studies such as image artifacts, head motion, few subjects, low signal-to-noise ratio, type I and II errors, and contamination of unassociated task features (Eickhoff et al., 2012 , Raemaekers et al., 2007 . Additionally it aids in overcoming assumptions that experimental and control tasks solely represent particular cognitive functions {Price, 2005}.
In the current studies, we performed meta-analysis of neuroimaging data from a variety of speech and language experimental paradigms and did not take into account differences in tasks or stimuli.. The resulting probability maps are indicative of reliable activation in the insula in response to different experimental paradigms and provide information on the spatial extent and localization of general speech and language processes.
Our finding of common left-sided activation in the anterior insula in response to speech production and language tasks may point to this region as being a functional hub for canonical and non-canonical language areas. Furthermore, our finding of bilateral activation, even with explicit language stimuli, points to the right hemisphere as an important mediator of speech and language function. Future research should examine the functional and structural organization of the insula relative to the entire speech and language processing connectome to better understand outcomes seen after damage to this region as a result of neurological injury or disease. ALE meta-analyses across language studies. Multi-slice ALE maps for receptive language stimuli displayed in red (top row), expressive language stimuli displayed in blue (middle row), and overlaid language stimuli (bottom row). ALE maps are overlaid on axial slices from a template in TAL space. These figures show that for receptive language, activations occurred in the accessory gyrus of the anterior insula bilaterally. For expressive language, activations were most likely to activate the left accessory gyrus in the territory of the dorsal dysgranular zone. ALE meta-analyses across speech studies. Multi-slice ALE maps for speech perception stimuli displayed in red (top row), speech production stimuli displayed in blue (middle row), and overlaid speech stimuli (bottom row). ALE maps are overlaid on axial slices from a template in TAL space. These figures show that for speech perception, activations occurred in the granular zone of the left dorsal middle short insular gyrus. For speech production, activations were predominately in the left accessory gyrus and left anterior short insular gyrus. Results from meta-analyses for all speech and language stimuli. Activation foci obtained from insula responses to language and speech stimuli. Activation likelihood estimate (ALE) values range from a minimum of 0 to a maximum of 1. Greater likelihood of activation in response to stimuli is indicated by higher ALE values. Significant clusters of voxels are listed in order from largest to smallest. Coordinates are in Talairach space (Talairach and Tournoux, 1988) . 
